Cell-free culture supernatants of a lipopolysaccharide (LPS) O-polysaccharide-deficient, single-insertion transposon mutant of the tetragonal surface protein array (S layer)-containing fish pathogen Aeromonas salmonicida were examined by electron microscopy. Negative staining showed that the S layer was released as sheets of tetragonal material, indicating that although surface retention of assembled S layer requires the presence of wild-type LPS oligosaccharides, initial assembly of S-layer subunits into sheets does not require the presence of Q-polysaccharide chains. The three-dimensional structure of the S layer was reconstructed from tilted micrographs of the released sheets. Horizontal sections through this reconstruction showed that the released sheets were composed of two identical S layers that were perfectly in register. The reconstructed layer had a lattice constant of 12.5 nm. At a resolution of 1.6 nm, the layer consisted of a major tetragon at one fourfold axis of symmetry and a minor tetragon at the second fourfold axis of symmetry. The core, composed of four of the major domains, contained a large depression and was located toward the inside of the layer. The minor tetragon provided connectivity within the layer and was located toward the outer surface of the layer. Projections through the double layer gve a type I (closed) pattern
Regular surface protein arrays, or S layers, are paracrystalline assemblies of protein monomers that, when present, constitute the outermost layer of the cell envelope (30) (31) (32) (33) . Over the past 10 years, it has become apparent that S layers are an extremely common component of procaryotic cell envelopes, and their highly ordered symmetrical structure has beep the subject of many morphological studies (27, 30, 33) . A number of S-layer proteins. have also been subjected to biochemical studies (2, 5, 7, 15, 17, 20, 26) , and recombinant DNA technology has recently allowed the entire primary amino acid sequences of several S-layer proteins to be deduced (21, 24, 38, 39) . However the function of most S layers remains enigmatic, so there have been very few complementary studies of the biochemistry, morphology, and function of single S-layer proteins.
Qne S layer for which specific functions have been identified is the tetragonal surface protein array known as the A layer of Aeromonas salmonicida (16) . This gram-negative organism is the etiological agent of furunculosis, a systemic disease of salmonid fish (35) . The A layer is an essential virulence factor for A. salmonicida (14) , affording protection from serum killing (23) and, by conferring surface hydrophobicity, enhancing the ability of the bacteria to associate with macrophages (36, 40) . The surface array protein of A. salmonicida can also specifically bind immunoglobulins, porphyrins, and Congo red (13, 18, 25) . The A. salmonicida A layer is comnposed of a single protein (A protein) of molecular weight (Mr) 49 ,000 which has been purified and subjected to extensive biophysical, immunological, and biochemical characterization (15, 17, 26) . Transposon mutagenesis studies have also defined some of the steps in export of the protein as well as structural requirements for attachment * Corresponding author. of the layer to the cell surface (3) . The gene for A protein has also been cloned (4) .
In spite of the large amount of information available on this protein, there has been no description of the three-dimensional (3-D) structure of the A layer of A. salmonicida. However, a recent study of negatively stained A. salmonicida A-layer material using image enhancement techniques has demonstrated the presence of two conformations of the layer in 2-D mass distribution projections (34 Electron microscopy and image processing. Electron micrographs were recorded at a magnification of x 36,000 using a Philips EM 420 electron microscope equipped with an unlimited-tilt specimen holder (9) . Tilt series from 0 to 80.50 were recorded by following a scheme outlined by Saxton et al. (29) . All micrographs were examined by using an optical diffractometer to ensure appropriate focus and minimum astigmatism. Regions of the negatives containing S-layer fragments exhibiting satisfactory crystallinity and satisfying the above criteria were digitized by densitometry in a matrix (1,024 by 1,024 pixels) with a step size of 20 ,um, which corresponds to a translation of 0.56 nm at the specimen level. Finally, all images were subjected to correlation averaging (28) to define the average unit cell.
3-D reconstruction. 3-D reconstruction was performed by the hybrid real space-Fourier space approach starting with unit cells extracted from correlation averaging of the tilt series as outlined by Saxton et al. (29) . After appropriate thresholding of the slices, the structure was represented by a surface-shading technique. This produces simulated photographs of the S layer as if it possessed a reflective surface and was illuminated from the right at an angle of 450 (27) .
RESULTS
Strain description. A. salmonicida A449-TM5 is a singleinsertion TnS transposon mutant whose construction has been described previously (3) . The particular defect appears to be in a loss of all the O-polysaccharide chains of the LPS, resulting in a rough LPS phenotype. This phenotype was related to the inability of the cell to retain S-layer protein on its surface, and sodium dodecyl sulfate-polyacrylamide gel electrophoretic analysis showed that culture supernatants contained the majority of the 49,000-Mr subunit protein (3).
When this LPS mutant was examined by electron microscopy with negative staining, the released protein was found to be assembled in the form of large sheets of the tetragonal S layer (Fig. 1 ). An assessment of the conformation of the released layer was achieved by correlation averaging of negatively stained preparations. Independent averages of different fragments and preparations showed that the material exclusively exhibited a pattern similar to the type I (closed) lattice described by Stewart et al. (34) Assessment of 3-D reconstruction data. The S-layer material released by A. salmonicida A449-TM5 was remarkably free of background contamination by outer membrane fragments and LPS material and was particularly suited to 3-D reconstruction because the large size (1 to 6 ixm square) of the released S-layer sheets easily allowed a large number of unit cells to be included in the reconstruction. Furthermore, preliminary studies had shown that although the predominant structure on the surface of cells of the wild-type A. salmonicida A450 exhibited a type I (closed) conformation, only material exhibiting the type II (open) conformation could be found in sufficient quantity detached from the surface of the wild-type strain to allow for a 3-D reconstruction. Since technical difficulties precluded a 3-D reconstruc-B C VOL . 171, 1989 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from try for the lattice (Fig. 1) . The diffraction pattern also indicated at definite handedness for the stained layer. A total of 17 micrographs with nominal tilts ranging from 0 to -80.5°w ere used for the 3-D reconstruction. Correction of the nominal tilt angles by the procedure outlined by Saxton et al. (29) revealed a specimen inclination around an axis normal to the tilt axis of 0.360 and a tilt angle offset of 0.85°. Thus, the highest tilt angle actually obtained was 79.60. The distribution of the tilt series data in Fourier space is shown in Fig.  3 . There is heavy filling to a resolution of 2 nm, with lighter filling extending up to 1.6 nm.
The consistency of this reconstruction with the original projections was judged by comparing averages of the individual tilted images with corresponding projections of the 3-D reconstruction, using the original data as well as the thresholded reconstruction applied for model building. The projections of the thresholded data were apparently identical to the original averages (Fig. 4) .
Description of the 3-D reconstruction. Horizontal sections through the 3-D reconstruction of the S-layer material released by A. salmonicida A449-TM5 revealed that it actually consisted of two S-layer sheets superimposed on each other (Fig. 5) . The lattices were exactly superimposed without any relative rotation, since no Moire pattern was observed in any of the images, and optical diffractograms contained single reflections. The two layers appeared to interact via their cores (according to the descriptive terminology introduced by Baumeister and Engelhardt [1] ). Hence, in horizontal slices (Fig. 5) , the outer surface consisted of square planar linking structures which made contact at the subsidiary fourfold axis of symmetry. These were linked to a denser core region located more toward the inside of the layer at the major fourfold axis of symmetry. Further slices revealed a second core region joined to the first and extending toward the inner surface. This was also connected to square planar linkers, although these were not well preserved and were only barely discernible. The better-preserved layer was used to reconstruct a 3-D model of a single S-layer sheet.
A second surprising feature of this double-layered material was revealed by computer separation of the two layers. The 2-D projection structure of the untilted double layer indicated a type I (closed) pattern (Fig. 4B ), yet the constituent single layers had a type II (open) conformation (Fig. 4C) . tion of the type I (closed) conformation of the S layer on the surface of the parent strain, the putative type I (closed) conformation of the S layer released by LPS mutant A449-TM5 was selected for the 3-D reconstruction. The specimen appeared to be well preserved by the negative stain, with a minimal loss of structure due to radiation damage. This was assessed by comparing optical diffractograms and computed power spectra as well as by correlation averages of untilted images taken before and after recording of the tilt-series micrographs. The resolutions of the first and last projection were 1.55 and 1.75 nm, respectively, according to the radial correlation function criterion (28) The 3-D model of the upper single layers is represented in Fig. 6 as a computer-generated view of the two surfaces of the S layer. This model was thresholded to include approximately 69% of the expected volume, based on a protein density of 1.37 g/cm' and a molecular weight of 49,000 for the S-layer protein (26) . The central core, which is situated at the major fourfold axis of symmetry, is funnel shaped. There is a depression extending through the center of the core, but it does not appear to open at the base to form a complete pore. This could be due to effects introduced by attachment of the two layers, or it could be a reflection of the pore size being close to the resolution limit of the reconstruction. Linkers extend from the core to provide connectivity at the second fourfold axis of symmetry. This second tetragon constitutes an appreciably smaller amount of protein mass and does not contain a depression comparable with that of the core if viewed from the outer side. The linkers are elevated significantly with respect to the plane defined by the core structures ( Fig. 6 and 7) . Examination of the horizontal sections, which were spaced 0.15 nm apart, showed that significant density occurred in at least 34 slices. This indicated that the minimum thickness of the single layer in this 3-D reconstruction was 5.1 nm, an impression confirmed by examination of vertical sections through the reconstruction (Fig. 7) . This view also suggests that the upper surface of the S layer is rather flat.
Comparison with a 3-D reconstruction of the wild-type S layer. Earlier electron microscopic studies of the wild-type strain had shown that limited amounts of the S layer sloughed off the cell surface during processing for negative staining. Usually small, single-layered patches were obtained, mainly showing the type II (open) (Fig. 2B) and very rarely the type I (closed) pattern (Fig. 2A) (Fig. 7, major tetragon) , differences of the stain distribution in the single and double layer, and thresholding variabilities (Fig. 6 , open pore in the subsidiary tetragon). There is no evidence for significant differences between the S layers of the wild-type strain (A450) and the LPS mutant (A449-TM5).
DISCUSSION
It was surprising to discover in the 3-D reconstruction that the released S-layer material from A. salmoniidda A449-TM5 was composed of two superimposed single layers. The presence of double layers is a fairly common observation, especially when collapsed cell ghosts are examined or when S layers are removed from underlying envelope components by chemical treatments (10, 41) . However, in such instances the double layers are often rotated with respect to each other. This gives rise to Moire patterns in micrographs and to split reflections in diffractograms. In the situation examined here, the layers appeared to be exactly superimposed. Thus, no Moire patterns or double-diffraction spots would have been produced. The optical diffractogram of a single S layer usually demonstrates a definite handedness. The particular type of superposition observed, i.e. core to core, would have been predicted to give a perfectly symmetrical diffractogram. The fact that this was not found can perhaps be explained by incomplete embedding of one of the layers in the negative stain and by the resulting poor preservation of its structure during electron microscopy, which would have attenuated its contribution to the diffraction pattern. The observed optical diffractogram was dominated by the wellpreserved layer.
Reconstruction of the 3-D structure of an S layer from double-layered sheets has been reported previously. Dickson et al. (10) described the reconstruction of a doublelayered sheet of Aquaspirillum serpens VHA S layer which gave a structure almost identical to the reconstruction of a single layer. The layers in the double sheet were in almost perfect register and interacted core to core in a similar manner to that observed for the A. salmonicida layer. Cejka et al. (8) patches. In this case, both the upper and lower layers were individually reconstructed, and the models were in close agreement.
The interaction between the upper and lower layers appeared quite specific, since the layers seemed to be in perfect register in all the fragments examined. A comparable situation was observed with an LPS mutant of an S-layercontaining Aeromonas hydrophila strain. A deep rough mutant was unable to maintain the array on the cell surface, and the S-layer protein was detected in culture supernatants (11) . Examination of the supernatants by negative staining showed that the tetragonal S layer was assembled, and when optical diffractograms were recorded it was found that the majority of the reflections were actually double reflections. Thus, the fragments consisted of double layers that were rotated slightly (a few degrees only) with respect to each other. Such material was unsuitable for 3-D reconstruction due to the inherent difficulty of separating the structural information of the two lattices. In the cases of both the A. salmonicida A449-TM5 and A. hydrophila, treatments were attempted to try to generate single-layered fragments. It was found that the double layers were stable to low concentrations of chaotropic agents and detergents. Unfortunately, at higher concentrations of chaotropic agents or at extremes of pH, the double layers were observed to disintegrate completely rather than to separate into single layers.
The question arises as to whether the double layer is found in vivo or is merely a consequence of the particular type of LPS mutation examined. Although there is no unequivocal proof, the available evidence argues against the existence of double layers in vivo. Stewart et al. (34) estimated the thickness of the A. salmonicida S layer to be between 5 and 8 nm on the basis of freeze-fracture studies. The singlelayered structure described here has a minimum thickness of 5.1 nm and thus falls within the expected range estimated from in vivo measurements. A second argument against in vivo double layers stems from the core-to-core arrangement within the double layer. This arrangement neutralizes the vectorial properties of the S layer, which is composed of a single species of protein (15, 26) , since the surfaces of the double layer are made identical. One can hardly imagine that a system like this would be adaptable enough in evolutionary terms, because the possibility of developing a speciesspecific outer surface, which appears to be a common feature of bacterial S layers (1), Would be drastically restricted. Some double-layered systems have been described in vivo (19, 37) . However, in all these cases the layers are composed of two distinct protein species that can be isolated and shown to assemble independently of each other. A third argument against double layers in vivo is the observation that this kind of attachment could only be found in preparations from the O-polysaccharide-deficient LPS mutant but never with the wild-type strain. Certainly the nontruncated LPS molecule present on wild-type cells appears to have an important role to play in the interaction between the assembled S layer and the underlying outer membrane.
The 3-D reconstruction of the A. salmonicida S layer bears some similarities to that of Azotobacter vinelandii, the only other gram-negative bacterium with a tetragonal S layer for which a 3-D model is available (1) . The core domains exhibit broadly similar architecture, although that of A. salmonicida is slightly more annular. Both are funnel-shaped structures that contain the majority of the protein mass of the layer and form the major fourfold axis of symmetry. In these respects, the cores of these S layers are also similar to the cores of the tetragonal layers from the gram-positive organisms Sporosarcina ureae (12) and Bacillus sphaericus P-1 (22) . In fact, similarity of core construction among S layers is now beginning to emerge as a common motif. Even the cores from the most eubacterial hexagonal S layers are funnel-shaped structures with little discernible variation between them (1). The major differences between the 3-D structures of the Azotobacter vinelandii and A. salmonicida S layers are to be found in the connecting units that constitute the subsidiary fourfold axis of symmetry. The Azotobacter vinelandii layer has a larger amount of protein mass concentrated there than does the A. salmonicida layer.
The discovery that the type I (closed) pattern of the A. 
